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ABSTRACT: The Upper Permian (lower Ochoan) Castile Formation is
a major evaporite sequence (;10,000 km3) of calcite, anhydrite, and
halite in west Texas and southeastern New Mexico. Traditionally the
Castile brine has been considered to have been derived from seawater.
This tradition has recently been challenged by two versions of the
closed-basin drawdown model. They call for deposition from a mixed
brine, in part marine and in large part nonmarine. They propose drawdown of as much as 500 m to form a major sink for ground water
issuing from the surrounding Capitan reef complex. A large fraction
of the solute in the brine body is inferred to have been recycled from
older Permian evaporites on the surrounding shelf.
Strontium-isotope analyses show no evidence that meteoric ground
water was contributed to the Castile brine. From a stratigraphic, geographic, and lithologic array of 65 samples of anhydrite, gypsum, and
calcite, 59 have an 87Sr/86Sr ratio of 0.706923 (Dsw of 2225.0), a ratio
that is the same as that of strontium in early Ochoan ocean water. If
considerable (.15%) influx of meteoric water had occurred, enough
continental strontium would have been introduced to have resulted in
higher ratios.
Low bromide values (20–40 ppm) in Castile halite, which have been
used to argue for meteoric influx and for recycled salt, probably resulted from diagenesis. During shallow burial by halite, centimeter-size,
bottom-grown crystals of gypsum were altered to nodular anhydrite.
The rising water of dehydration caused the halite to recrystallize. During the recrystallization, some bromide was expelled.
Despite the large volume of water that evaporated annually from its
surface (;52 km3/yr, assuming an evaporation rate of 2 m/yr), the
Castile brine body never completely desiccated. The surrounding shelf
was flat, hot, and generally dry. It probably could not have supplied a
significant volume of meteoric spring water to the basin over tens of
thousands of years. More likely, during the entire history of the evaporite sequence, influx was dominantly marine. Marine ground water
flowed through the Capitan Formation into the evaporite basin along
its southern and possibly western margin probably with a rate of flow
that was usually fast enough to prevent major drawdown of the brine
surface.
INTRODUCTION

Castile evaporites are exposed or shallowly buried over a large area of
west Texas and southeastern New Mexico (Fig. 1). The evaporites (Upper
Permian) represent the early part of the Ochoan stage (Adams et al. 1939).
The relationship of the Castile Formation to the immediately older and
younger formations with which it is associated is shown in Figure 2. The
most distinctive features of the Castile are small-scale, rhythmic alterations
of calcite–gypsum, and, in the subsurface, calcite–anhydrite and calcite–
anhydrite–halite. These alternations record a remarkably detailed meteorological and sedimentological record of Late Permian history (Udden
1924; Anderson 1982). Representative outcrops, continuous cores, and hundreds of boreholes constrain Castile thickness, lithology, and facies distribution, but profound differences in interpretation of its origin remain. We
consider here the most fundamental of the ongoing controversies—the origin of the parent brine.

Prelude to the Castile Evaporites
In late Guadalupian time (Late Permian) during an interval of tectonic
quiescence in west Texas and southeastern New Mexico, a deep topographic basin became nearly encircled by the Capitan reef. The reef extended
along the margin of the basin for more than 500 km (e.g., Adams and
Frenzel 1950) (Fig. 3A). Reef debris formed slopes up to 358 (King 1947;
Scholle et al. 1992), and the reef front had slopes approaching the vertical
(B.L. Kirkland et al. 1993) (Fig. 3B). Seawater is traditionally thought to
have entered the basin through a southern gap in the reef, the Hovey channel (Fig. 3A); however, the evidence is ambiguous, and a southwestern
channel is possible (Hill 1999). The average depth of seawater in the sediment-starved basin was about 500 m (e.g., Newell et al. 1953, p. 190).
Landward from the reef was a wide shelf-facies complex of tidal, lagoonal,
and sabkha environments. Here the depth of seawater was seldom more
than a few meters (Fig. 3B). Carbonates accumulated directly shelfward
from the reef, evaporites and redbeds accumulated farther shelfward, and
redbeds accumulated in the hinterland (Fig. 3A).
In latest Guadalupian time, shortly before Castile deposition, the channel
(or channels) through which seawater entered the basin became restricted.
This restriction may have occurred when the Capitan reef and reef debris
protruded into the channel (Ross 1986; Garber et al. 1989) or when the
channel became narrower and shallower because of a fall in sea level (Forney 1975; Ross and Ross 1987). Because of the restriction, because the
climate was arid (Kutzbach and Gallimore 1989; Scholle et al. 1992; Parrish 1995), and because riverine water was absent, there was a progressive
increase in the salinity of the basinal and shelfal marine water.
Castile Evaporites
By the beginning of Ochoan time the reef and shelf were probably emergent (Oriel et al. 1967; Melim and Scholle 1989; S.U. Noé, personal communication 1998). In the basin the salinity of surface water increased until
it was several times greater than that of Permian seawater. Evaporitic precipitation began, and a thin (tens of centimeters) bed of laminated, siltpoor, aragonitic mud—the initial Castile evaporite—accumulated on the
basin floor. This bed was the harbinger of the thick sequence of calcium
carbonate, calcium sulfate, and sodium chloride that accumulated during
the rest of Castile time (Anderson et al. 1972).
The Castile Formation originally underlay at least 25,900 km2, and had
a maximum thickness of about 640 m and an original volume exceeding
10,000 km3 (Adams 1944; King 1947; Snider 1966). The formation originally consisted, by volume, of about 5% calcite, 45% anhydrite, and 50%
halite (Anderson 1981), but Tertiary ground water, chiefly along the western side of the basin, dissolved about half the halite. Siliciclastics are almost
absent. The Castile Formation is subdivided into a Basal Limestone Member, four anhydrite members, I–IV (from oldest to youngest), and three
intervening halite members, I–III (from oldest to youngest) (Anderson et
al. 1972).
The evaporite basin was probably situated between 5 and 108 N latitude
(Scotese 1994; Golonka et al. 1994) on the western margin of Pangea
adjacent to the huge Panthalassa Ocean. A monsoonal circulation, possibly
analogous to that of equatorial east Africa today, led to aridity, high temperatures, and high evaporation rates (Parrish et al. 1986; Kutzbach and
Gallimore 1989). The seasonal range in temperature was probably less than
58C (Crowley et al. 1989, their fig. 2).

JOURNAL OF SEDIMENTARY RESEARCH, VOL. 70, NO. 3, MAY, 2000, P. 749–761
Copyright q 2000, SEPM (Society for Sedimentary Geology) 1073-130X/00/070-749/$03.00
This article is a U.S. government work, and is not subject to copyright in the United States.

750

D.W. KIRKLAND ET AL.

FIG. 1.—Location of Castile depositional basin. Shaded rectangle is the location
of map shown in Figure 6.

The Castile is conspicuously cyclic, with each cycle recording progressively increasing salinity of the surface brine. The two most prominent
cyclic units are termed ‘‘varves’’—laminae (or laminae and thin beds) with
a period of one year (Udden 1924), and ‘‘millennial cycles’’—beds with a
period of several thousand years (Dean and Anderson 1978).
The most common Castile varve type consists of a couplet—a lamina of
calcite (containing organic matter) and a superjacent lamina of anhydrite
(Figs. 4A, 5A). Such varves typically have a thickness of about 1.8 mm,
with the lamina of calcite forming about 6% of this value. The varves are
generally remarkably regular in thickness, and are commonly repeated
thousands of times without interruption. The evaporitic sediments that
formed the anhydrite–calcite couplets were cumulates. They formed at the
brine surface or in the upper part of the brine and ‘‘rained’’ onto the basin
floor. The varves have great lateral persistence, and, as we will show, the
thicknesses of individual varves generally remain about the same over most

FIG. 2.—Stratigraphic relationship of Castile Formation to associated formations
of the shelf, shelf margin, and basin. Vertical lines represent nondeposition. Carbonate tongues from the reef into the basin are: L, Lamar; R, Rader; H, Hegler; and
P, Pinery. Formations in bold letters are referred to in text.

FIG. 3.—A) Late Guadalupian paleogeography shortly before beginning of Castile
evaporite deposition (after Ward et al. 1986). Seawater entered the basin through a
silled channel or channels traditionally thought to have been the Hovey Channel, as
shown. The Capitan reef front is dashed where inferred. From the basin margin, a
tongue of limestone, the Lamar, extended for tens of kilometers into the deep basin.
Shelfward from the reef, chiefly dolomite of the Tansill Formation accumulated
contemporaneously with evaporites and redbeds. B) Cross section showing the relationship and relief of the shelf, basin margin, and basin. This general relationship
probably extended almost completely around the basin except at the silled channel
(or channels) to the open ocean.

of the basin. On the basis chiefly of thickness variations of anhydrite laminae, cores of alternating laminae of calcite and anhydrite have been correlated definitively over distances of up to 113 km (e.g., Kirkland and
Anderson 1970, their fig. 10b; Dean and Anderson 1982, their figs. 4, 5,
6, and 7). Most laminae can probably be correlated unequivocally throughout almost the entire basin to within a fraction of a millimeter.
The Castile varve cycle (e.g., Udden 1924; Anderson et al. 1972; Anderson 1982) is difficult to verify. The varve model, however, is supported
by geochemical evidence (e.g., Burdett 1985), by deposition of varves in
modern salinas (e.g., Kushnir 1981), by the great regularity of these small
Castile cycles, and by thicknesses for these small cycles commensurate with
deposition from marine water at reasonable annual evaporation rates (King
1947; Dean 1967; Magaritz et al. 1983). Probably only the amplitude of
the seasonal climatic change, which is two orders of magnitude greater
than for longer periods (Mitchell 1976), would have been great enough to
impose the great regularity and prominence of the laminated Castile fabric.
Judging from varve counts, the Castile was deposited in 175,000 yr (Anderson 1982).
The second type of prominent cycle, the millennial cycle, occurs
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FIG. 4.—Typical Castile lithologies: A) Calcite (dark)–anhydrite (light) couplets, thin section of core, Cowden 2 borehole; B) nodular anhydrite intercalated with calcite–
anhydrite couplets, polished core slab, UNM-Phillips 1 borehole; C) halite–anhydrite couplets, core slab, Union 4 University 37 borehole. See Figure 6 for locations of
boreholes.

throughout the Castile (Dean and Anderson 1978; Anderson and Dean
1995) (Fig. 5B). These cycles generally have a thickness of several meters.
On the basis of the varve model, the cycles have an average periodicity of
about 2700 yr with a range of 1800–3000 yr (Anderson and Dean 1995).
A cycle generally begins with couplets of calcite–anhydrite in which the
anhydrite laminae are unusually thin. Calcite may form as much as 80–99
wt % of these couplets (Anderson and Dean 1995). Above the basal carbonate-rich part, anhydrite laminae increase in thickness, forming the calcite–banded anhydrite typical of the Castile (Fig. 4A). Here calcite constitutes 10–15 wt % (Dean 1967). Upward within the cycle, anhydrite laminae
become even thicker, with calcite laminae constituting about 5 wt % (Dean
and Anderson 1978). Farther upward within these thick anhydrite laminae
are nodules of anhydrite (Fig. 4B). Some beds, commonly about 1 m thick,
resemble ‘‘chicken-wire anhydrite.’’ Sporadically associated with beds of
nodular anhydrite are centimeter-size, anhydrite pseudomorphs of upwardgrowing gypsum crystals (Kendall and Harwood 1988, 1989; Hovorka
1989). In about one in ten cycles, nodular anhydrite is overlain by anhydrite–banded halite (Fig. 4C) (Anderson and Dean 1995); although the
contact is abrupt, deposition was regular and uninterrupted. Most of the
Castile halite is recrystallized (Anderson et al. 1972).
In cores from the Union 4 University 37 borehole (Fig. 6), Leslie et al.
(1996) reported abundant, structureless interbeds of anhydrite up to 10 m
thick that do not exhibit the lamination typical of most Castile anhydrite.
In the Anhydrite I Member these beds constitute about 30% of the total
thickness. Leslie et al. (1996) interpreted these beds to be the product of

turbidity currents. The beds of resedimented sulfate may have originated
in shoals along the eastern margin of the basin. Their insertion into the
laminated anhydrite may be largely responsible for the general eastward
increase in thickness of the Anhydrite I through III Members (see Anderson
et al. 1972, their figs. 10, 14). In cores from the PDB-03 research well,
nearer the center of the basin (Fig. 6), ‘‘thick turbiditic units’’ are less
common (Leslie et al. 1996). In cores from the Phillips and Cowden boreholes (Fig. 6), turbidite units are unreported, but judging from unpublished
photographs (e.g., Dean 1967, his plate 3) they are probably rarely present.
Proposed Depositional Models
The presumption that the Castile evaporites precipitated from marinederived brine began with Baker (1929), who, because of their great volume
and composition, considered them to be marine. Adams (1944) concurred,
stating, ‘‘This hypothesis is accepted without question’’.
King (1947) proposed the first widely accepted depositional model for
the Castile evaporites. In his model, evaporites precipitated from seawater
in a restricted marine embayment that received insignificant ‘‘terrestrial
water’’. The basinal, marine-derived brine was hundreds of meters deep,
and the brine level was the same as sea level. To replace water lost by
evaporation, seawater flowed into the embayment as a surface current
through a silled channel. Concurrently, to account for an anhydrite:halite
ratio of about 1:1, instead of an expected ratio of about 1:26, King (1947)
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as an ‘‘inland sea’’—technically a saline lake—rather than a ‘‘hypersaline
lagoon or a silled basin’’. In Lucia’s model, marine water, rather than
entering through a shallow channel, seeped into the basin through a ‘‘sediment barrier’’.
More recently, on the basis of new evidence and new arguments, two
closed-basin depositional models have been proposed for the Castile: one
by Kendall and Harwood (1988, 1989) and Leslie et al. (1996) (Fig. 7A),
the other by Anderson (1993) and Anderson and Dean (1995) (Fig. 7B).
These models differ in detail, but both are classes of the closed-basin drawdown model (Maiklem 1971). Both models differ greatly from King’s ‘‘reflux model’’, but both have affinity with Lucia’s ‘‘inland sea’’ concept.
These newly proposed models call for periods of imbalance between the
volume of water entering the Castile basin and the volume of water leaving
the basin. During drawdown a greater volume of water left by evaporation
and reflux (if any) than entered by influx of marine and meteoric water.
During these periods of ‘‘negative’’ imbalance the surface of the Castile
brine level is visualized as having been drawn down hundreds of meters
below sea level and below the crest of the Capitan reef.
These closed-basin drawdown models differ in another important respect
from the depositional model of King (1947). Drawdown of the surface of
the basinal brine is postulated to have lowered the brine level well below
the ground-water table in the bounding reef and reef debris (e.g., Fig. 8).
Because of the resulting hydrologic head, the basin would have been a
major potential sink for ground water (Kendall 1984), both marine and
meteoric. A hybrid brine would have formed. Anderson and Dean (1995)
considered the basinal brine to have been composed mainly of continental
water. They propose, for example, ‘‘a small volume of marine inflow relative to meteoric recharge’’, and a blend of ions that resulted in gypsum
and halite being precipitated in a ratio of about 1:1 without the necessity
of reflux. Similarly, Kendall and Harwood (1989) concluded that because
of the large hydraulic head caused by drawdown, ‘‘more than one-half
kilometer’’, that there would be ‘‘. . . a strong(?) possibility that much of
the basin influx may have been composed of ground- and formation waters
that were derived from surrounding marginal platforms’’ (Fig. 8).
The Problem

FIG. 5.—Diagrammatic representation of the two most prominent Castile cycles:
A) Typical calcite–anhydrite varve cycle; the thickness is typically about 1.8 mm.
B) Complete millennial cycle (the banded halite is commonly absent); modified after
Dean and Anderson (1978), who indicated that a representative cycle thickness is 4
m; A, anhydrite; C, calcite; H, halite.

proposed that concentrated brine (about 10% of the influx) flowed out of
the basin as a submarine current through the same silled channel.
Lucia (1972) provided the first serious challenge to King’s model. Lucia
argued that, by analogy with modern silled basins, gypsum could not have
precipitated from a Castile marine embayment unless the inlet between the
basin and the open sea had a cross-sectional area less than 0.3 km2. In
relation to the size of the basin, such a small inlet would have been inconsequential. Halite could not have precipitated unless the basin was completely isolated from the ocean. Lucia visualized the Castile evaporite basin

As we show above, the evaporites have been variously categorized as
originating dominantly from marine water, dominantly from nonmarine water, or from a mixture of both marine and nonmarine water. We will try
to answer the question, ‘‘marine, nonmarine, or hybrid?’’ by using isotopic
and geologic arguments. Kendall (1988) states ‘‘. . . there is no more important variable than the type of brine and its origin’’. For the Castile
evaporites a better understanding of the origin of the parent brine would
constrain the various genetic models, and could lead to an improved understanding of the depth of the brine body, the origin of the salinity cycles,
and the magnitude (even the necessity) of reflux.
In the following sections we estimate the volume of water that the Castile
evaporite basin required annually, on average, to prevent desiccation, and
consider what this essential volume suggests about the brine. We then review sulfur-isotope analyses of the Castile sulfates and consider their potential for determining the type of parent brine. In a similar consideration,
strontium-isotope results for samples of the Castile evaporites are presented
and interpreted. We briefly consider other evidence bearing on the parent
brine. We then reinterpret the bromide data, which have been used to support influx of large volumes of meteoric water into the evaporite basin.
Finally, a depositional model is proposed that involves dominantly marine
water.
VOLUME OF REPLACEMENT WATER REQUIRED ANNUALLY

Because of its confinement, or near confinement, by the Capitan reef,
the area of the brine body that occupied the evaporite basin can be esti-
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FIG. 6.—Location of boreholes and outcrops referred to in text.

mated with a degree of accuracy unusual for evaporite deposits. We recalculated the surface area of the Castile brine within the bounding reef to be
25,900 km2, the same value determined by King (1947) and by Dean
(1967). Because of the steep bounding surface of the basin, substantial
drawdown below the crest of the reef could have occurred without appreciably reducing the total basinal area. During parts of its lifespan the Castile
brine body may have transgressed over the reef and onto the shelf (S.D.
Hovorka, personal communication 1998), the area of the brine body would
have exceed 25,900 km2, and the volume of replacement water required
annually would have increased proportionally.
We compiled evaporation rates for 15 modern evaporitic environments.
They ranged from 1.4 to 5.9 m/yr, with most values between 1.8 and 3.0
m/yr. These rates provide a basis for estimating and constraining the rate
of evaporation from the Castile brine. Dean (1967, p. 144) estimated the

average rate of evaporation from the Castile brine to be 2 m/yr. This conservative estimate of 2 m/yr for the rate of evaporation and 25,900 km2 as
the area for the brine surface was used to calculate that 52 km3 of water
was lost annually from the Castile brine surface. This volume may have
been greater, but it was unlikely to have been smaller.
Evaporation of 2 m/yr of modern seawater would result in an anhydrite
lamina only 0.85 mm thick, half as thick as typical Castile anhydrite laminae. Given that the couplets are varves, several variables, individually or
in combination, could account for this discrepancy in thickness. First, the
concentration of the Ca21 in the water that influxed into the Castile basin
could have been greater than that in modern seawater (409 ppm). The
composition of Permian seawater was very similar to that of modern seawater (Horita et al. 1991). We assume that Permian seawater contained
about 400 ppm Ca21, about the same as that of modern seawater; however,

FIG. 7.—Closed-basin drawdown models for the Castile evaporites: A) model of Kendall and Harwood (after Hill 1996, her fig. 56); B) model of Anderson and Dean
(1995).
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FIG. 8.—Diagrammatic cross section showing closed-basin drawdown model of Kendall and Harwood (1988, 1989). Line of section is normal to reef front in Figure
7A. Meteoric ground water might have entered basin around nearly its entire circumference. Depth of Castile brine is not to scale; height from top of reef to floor of basin
is about 500 m.

the concentration of Ca21 in Permian seawater is not well constrained (Horita et al. 1991), and its concentration may have been ‘‘somewhat higher’’
(Timofeef et al. 1998). Secondly, the marine influx could have been preconcentrated in a subsidiary basin, but no data support such a preconcentration. Thirdly, the evaporation rate in the Castile basin could have been
.2 m/yr. The Castile evaporite basin lay within a band, roughly equatorial,
that was arid nearly year-round (Kutzbach and Gallimore 1989, their fig.
5). This aridity, coupled with high year-round temperatures, may have led
to evaporation rates well in excess of 2 m/yr.
Unlike the directly overlying Salado brine body (Lowenstein 1988), the
Castile brine body never completely desiccated (Hovorka 1989). Throughout its life, evaporation from the brine surface was essentially continuous.
If we assume a lifespan of 175,000 yr for the brine body, an average rate
of evaporation of 2 m/yr, and an area for the brine surface of 25,900 km2,
then the total volume of water lost by evaporation during the life of the
brine body was 9,065,000 km3. This volume is about 860 times greater
than the total volume of brine in the basin at the beginning of evaporite
deposition. Loss of brine volume associated with drawdown, therefore,
would not have substantially affected the average annual water requirements of the basin.
The approximate equilibrium between water lost and water gained is
supported by the great regularity in thickness of calcite–anhydrite couplets.
Each couplet probably represents an influx of outside water (whether marine, nonmarine, or a mixture) that contained a new increment of Ca21,
SO422, and HCO32 ions. The volume of reflux probably approximately
equaled the volume of rainfall onto the brine surface, and, because reflux
increased and rainfall decreased the annual water requirements, they were
offsetting. Therefore, the estimated volume of water lost annually from the
basin by evaporation and reflux, 52 km3, would, on average, have probably
been about the same as the volume of water brought into the basin annually
by rainfall and influx. This volume was equal to about 30% of the average
annual discharge of the Columbia River (Showers 1979, p. 82).
Siliciclastics, as mentioned above, are virtually absent, yet the basin was
surrounded by a watershed containing siliciclastics (Fig. 3A). Thus, rivers
could not have contributed significant amounts of water or salts to the
Castile basin, as Magaritz (1987) has suggested for other major evaporite
basins. Also, because of the absence of siliciclastics, storm runoff was
probably insignificant. Other than rainfall, the only significant volume of
meteoric water that might have entered the Castile basin was ground water
seeping through the Capitan reef and reef debris.
Assume that, on average, meteoric ground water annually contributed
25% of the estimated 52 km3 of ‘‘replacement water’’. Then for tens of
thousands of years an average of about 13 km3 of meteoric ground water
moved from the shelf through the Capitan Formation and into the basin.
That this much ‘‘spring water’’ originated annually on a hot, dry, or usually
dry, exceedingly flat shelf over tens of thousands of years seems improbable. More reasonably, the replacement water was almost entirely seawater.

SULFUR ISOTOPES

We compiled 36 sulfur-isotope analyses of Castile anhydrite from Claypool et al. (1980), Magaritz et al. (1983), Hill (1996, p. 449), and Leslie
et al. (1997). Except for the Basal Limestone, each member of the Castile
is represented. The weighted mean of the entire set of d34S values is
111.6‰; the variance is very low (standard deviation, 0.15) and the range
is 111.3 to 112.0‰. The total volume of pyrite that formed within the
Castile evaporitic sediment (Anderson and Kirkland 1966; Dean 1967; Burdett 1985) was so small in relation to the total volume of anhydrite that its
effect on the d34S of the Castile anhydrite was insignificant.
The mean d34S of the Castile sulfate samples (111.6‰) coincides with
the d34S of sulfate in seawater of Permian time (19.5 to 112.5‰) (see
data of Holser and Kaplan 1966 and Claypool et al. 1980). This coincidence
strongly suggests that the Castile anhydrite was derived from a Permian
marine brine. Possibly older Permian marine sulfate beds may have been
dissolved by meteoric water, transported in solution in ground water, and
reprecipitated in the Castile evaporite basin (Anderson and Dean 1995;
Leslie et al. 1996). All known pre-Leonardian marine Phanerozoic sulfates
have values of d34S k11.6‰ (Claypool et al. 1980, their fig. 9). Thus, if
an older marine sulfate deposit had been recycled into the Castile basin,
the sulfate could only have been of Guadalupian or Leonardian age (or
both).
During Castile time, the Tansill Formation, the youngest Guadalupian
unit restricted to the shelf (Figs. 2, 3), was the unit most susceptible to
erosion. If the Castile anhydrite was largely recycled, the Tansill gypsum
facies would probably have been the chief source of the necessary Ca21
and SO422 ions. Sulfate strata of the Tansill covered a wide area (Fig. 3),
although their cumulative thickness was much less than that of sulfate strata
of the Castile. S.U. Noé (personal communication, 1998) reports karstification and other erosional features at the top of the Tansill, and Melim and
Scholle (1989) report that Capitanian strata underwent significant subaerial
alteration between the end of Guadalupian carbonate sedimentation and the
onlap of Salado evaporitic sediments. On the basis solely of the sulfurisotope data and the evidence of erosion, we are unable to preclude the
possibility that a significant fraction of the Castile anhydrite is second cycle.
STRONTIUM ISOTOPES

Our method of preparing and analyzing samples for strontium-isotope
analyses is given in Denison et al. (1998). The strontium standard used for
most samples was NBS 987, for which a 87Sr/86Sr of 0.710240 was used.
We report strontium-isotope values using the Dsw notation (the isotopic
ratio is given in parentheses); Dsw values are obtained by the following
equation:
Dsw 5 (87Sr/86Srunknown sample 2 87Sr/86Srseawater) 3 105
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FIG. 9.—Stratigraphic section at the base of the Castile showing the relationship
of the Lamar Limestone Member of the Bell Canyon Formation to the Basal Limestone Member of the Castile Formation, showing also that, within analytical error,
the isotopic ratio of strontium in the strictly marine Lamar Limestone is the same
as that of strontium in gypsum of the Anhydrite I Member of the Castile. The contact
of the Castile with the underlying Bell Canyon is conformable.

To determine the mean 87Sr/86Sr of strontium within modern seawater,
0.709173 6 3, we measured the 87Sr/86Sr of more than 100 samples of
modern shells and modern seawater. The Dsw for the NBS standard, therefore, is 1106.7 6 0.3 [(0.710240 2 0.709173) 3 105]. Our determined
Dsw differences between the NBS 987 standard and the strontium in modern seawater compare well with those determined by other workers (see
compilation by McArthur 1995).
Using strontium isotopes, it is possible to determine the origin of the
parent brine of calcium-bearing evaporites (Denison et al. 1998). A marine
origin for the parent brine of a particular evaporite unit is indicated by
consistent 87Sr/86Sr values for samples of calcium-bearing minerals from
both different horizons and different locations. Gypsum precipitated from
hybrid brines is indicated by strontium isotopes that vary geographically
and stratigraphically, but with some values approaching the strontium-isotope value of contemporaneous seawater—a value that is known if the age
of the sulfate deposit is known. Gypsum precipitated from saline lakes is
indicated by strontium isotopes that vary geographically and stratigraphically, but without values that approach the strontium-isotope value of strontium in seawater at the time of deposition of the gypsum.
The strontium-isotope ratio for seawater at any time is determined by
analyzing samples of known age, usually limestone containing a rich, marine fauna. The Lamar Limestone Member of the Bell Canyon Formation,
which conformably underlies the Castile Formation by several meters (Fig.
9), contains a variety of indigenous marine fossils (e.g., Babcock 1977).
We sampled the Lamar from a roadcut on U.S. 62 (Fig. 6). Many determinations of three samples of the lime mudstone yield a mean Dsw of
2225.3 6 1.1 (0.706920) with a range 2222.7 6 2.2 (0.706946) to
2227.6 6 1.8 (0.706897), n 5 14. The samples have a low Mn concen-
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tration (,43 ppm) and a high Sr concentration (.1450 ppm), showing
that they retained the original seawater ratio (see Denison et al. 1994b).
This is reinforced by the isotopic agreement among samples and by the
observation that Permian samples from the Permian Basin area that show
isotopic exchange are driven to higher isotope values (Denison et al. 1994a,
their fig. 2). No older Paleozoic rocks yield ratios lower than those from
the Lamar. Denison et al. (1998) determined the value for strontium in
seawater of early Salado time to be Dsw 2224.6 6 1.8 (0.706927). Because Castile deposition took place over such a short time, the value for
early Ochoan (Castile) seawater must be a value between that of the Lamar
and that of the Salado, a Dsw of 2225 (0.70692).
All of the bedded Castile anhydrite and gypsum samples (50) and all of
the Castile calcite samples in anhydrite members (6) have a 87Sr/86Sr ratio
of 0.706923 (Dsw 2225.0 6 1.5) that is within error of the mean of all
results (Appendix 1). We reasoned that samples of anhydrite laminae intercalated with halite might have been most sensitive to influx of meteoric
ground water, but six such samples had Dsw values within error of 2225.0
(0.706923). Castile samples were analyzed from six localities (Fig. 6). We
also reasoned that those localities closest to the potential source of meteoric
water (the reef complex) would show this influence in the isotope results,
but the mean strontium isotopic value from each locality is, within error,
2225.0 (0.706923).
We analyzed eight groups of 1 to 12 correlative anhydrite lamina or
laminae using various core combinations among the Cowden 4, Cowden
2, Phillips 1, and University 37 boreholes (Fig. 6). Each correlative lamina
or sequence of laminae has a Dsw of 2225.0 (0.706923) within analytical
error. Figure 10 shows correlative core sections in which we measured the
isotope ratio of strontium in the anhydrite fraction of two correlative groups
of laminae separated by 113 km.
Six samples yielded higher (more continental-like) ratios. They are five
samples from the thin (,1 m) Basal Limestone Member with Dsw values
ranging between 2183.0 (0.707343) to 2203.8 (0.707135), and one anhydrite breccia in the Halite I Member with a Dsw of 2215.8 (0.707015).
Brookins (1988) analyzed the 87Sr/86Sr of seven samples of anhydrite
from the Castile (see Hovorka 1990, her fig. 5–13, for their geographic
location and stratigraphic position). His values, like ours, show little variance. They are, however, about four Dsw units less (the ratio is about
0.000040 less) than our values. Unfortunately, Brookins (now deceased)
reported an 87Sr/86Sr neither for the NBS 987 standard nor for seawater.
He reported only a 87Sr/86Sr of 0.708080 6 7 for the Eimer & Amend
strontium carbonate standard, a value significantly higher than that reported
by other workers. If Brookins’s Castile data are normalized using E&A
and NBS values measured by other workers (e.g., Gao 1990; Jones et al.
1994) then his results are within error of those reported here.
Interpretation of Isotopic Results
The anhydrite breccia with an anomalously high Dsw value formed when
Tertiary ground water dissolved Castile halite beds leaving an anhydrite
residue. During its consolidation, continental strontium in the ground water
probably became incorporated into the matrix. Ground water that dissolved
the halite probably contained strontium with a 87Sr/86Sr value substantially
greater than a Dsw value of 2225 (0.706923). The strontium-isotope ratio
of ground water is determined chiefly by the rocks though which it flows.
Many modern ground waters probably contain strontium with Dsw values
like those of strontium in modern river waters, which range from 1103
(0.710203) to 1293 (0.712103) (Palmer and Edmond 1992). The five samples yielding anomalous results from the thin limestone at the base of the
Castile have trace-element concentrations that suggest diagenetic alteration.
Ground water from the directly underlying arkosic siltstone (Bell Canyon
Formation) probably infiltrated the carbonate bed, causing recrystallization
and introducing foreign radiogenic strontium.
Fifty-nine of the Castile ratios (Appendix 1) are in agreement with our
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FIG. 10.—Correlative cores from the UNMCowden 4 and the Union 4 University 37 (right)
boreholes showing strontium-isotope ratios for
an upper group of nine laminae and a lower
group of 12 laminae.

Sr/86Sr estimate for early Ochoan (Castile) seawater (0.706923 6 15;
Dsw 2225.0 6 1.5). These data are what would be expected for Cabearing minerals that precipitated from a brine formed by evaporation of
early Ochoan seawater. We estimate, however, that the Castile marine brine
could have consisted of up to about 15% meteoric ground water without
causing the 87Sr/86Sr ratio to increase outside of analytical error—the
‘‘measurable effect’’ of Bryant et al. (1995). The fraction of meteoric
ground water that might have mixed with marine water without being detectable depends on the isotopic ratio and concentration of strontium in
both the meteoric and the marine water.
The strontium dissolved in Ochoan meteoric ground water would have
been more radiogenic than that in Ochoan seawater (Dsw 2225) because
continental strontium from chemical weathering of Guadalupian strata on
the wide shelf surrounding the evaporite basin would have been incorporated into the ground water. Strontium would have come chiefly from
weathering of dolomitic, siliciclastic, and sulfatic strata. Any radiogenic
strontium from shelfal sources would have been contributed to the Castile
brine body, and the resulting mixture of strontium isotopes would have
been recorded in the precipitated gypsum.
The potential effect of meteoric waters mixing with a marine base can
be seen by examining strontium-isotope results for the overlying Salado
Formation. Of 29 isotope ratios for Salado anhydrites from a core in Lea
County, New Mexico, only ten were within error of the seawater ratio
(Denison et al. 1998, their fig. 7). The scatter was large. The highest ratio
from the samples of Salado anhydrite is Dsw 5 2137 (0.070780), the
lowest value for the meteoric end member. This shows that in the geologic
setting for the Salado, which was similar to that of the Castile, the continental contribution contained strontium that was much more radiogenic
than contemporary seawater.
Aragonitic cement, a major component of the Capitan reef and fore reef
(e.g., Schmidt 1977), has been diagenetically altered to low-magnesium
calcite and especially to dolomite. During the alteration a considerable volume of excess strontium was released (a Pleistocene analog is reported by
Banner et al. 1994). The Dsw range of this strontium was like that of
Guadalupian seawater (2195 to 2225; 0.70722 to 0.70692). If some of
this strontium had been released during Castile time, its effect would have
been most pronounced on the 87Sr/86Sr of the Castile brine during low87

stands in the basin (during periods of halite deposition), when seepage
moved through the older part of the Capitan Formation. The isotopic results
from anhydrite intercalated within Castile halite members, however, show
no radiogenic influence, and any contribution of strontium from the alteration of Capitan aragonite during Castile time was too small to recognize
in our measurements. Most Capitan aragonite was apparently replaced before deposition of the Castile evaporites. Reflux of brines from shelfal
Guadalupian lagoons (e.g., Fig. 3) probably resulted in dolomitization of
aragonite cement (e.g., Melim 1991), and input of meteoric water during
minor Guadalupian oscillations of relative sea level (Garber et al. 1989)
probably resulted in periodic calcitization of aragonite cement.
If a significant proportion of the Castile evaporites had been recycled
from Guadalupian shelfal evaporites, the dissolved solids in the hypothesized meteoric ground water would have to have been high. If the proportion of dissolved solids had been much less than seawater, an unreasonable
rate of evaporation from the brine surface would have been required. The
dissolved solids would have been high also because the ground water would
have been in contact with Guadalupian sulfate beds, which would have
dissolved readily.
In our modeling, we use a concentration for strontium in Late Permian
seawater of 8 ppm, the same as that in modern seawater, understanding
that this value is uncertain. The strontium concentration of Permian seawater is not directly constrained. The Ca21/Sr21 ratio of Permian seawater
is, however, likely to have been close to that of modern seawater, and the
calcium concentration of Permian seawater probably varied by less than a
factor of two from present oceanic values (Holland 1972: Schopf 1980, p.
183). The strontium concentration and isotopic ratio of any meteoric source
would have even fewer constraints. Given our analytical precision, the
threshold amount of meteoric contribution that cannot be recognized in the
isotopic values can be estimated using a simple mixing model (Denison et
al. 1998) (Fig. 11). The uncertainties can be evaluated using a suite of
meteoric and marine values in the mixing model.
OTHER EVIDENCE BEARING ON TYPE OF PARENT BRINE

The mean strontium concentration of 60 samples of laminated anhydrite
from the Anhydrite I Member (Cowden 2 core) is 2404 ppm, with a stan-
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FIG. 11.—Mixing diagram showing the percent of meteoric water of various concentrations and isotopic values that could be mixed with lower Ochoan (Castile)
seawater (Sr concentration, 8 ppm; Dsw, 2225.0 (0.706923)) without its presence
being recognized in the strontium-isotope determinations. At a strontium concentration of 6 ppm and a Dsw of 2150 (0.707673), for example, meteoric ground water
could form 7% of a seawater base without being detectable from an isotopic measurement of anhydrite that originated from the resulting hybrid brine

dard deviation of 218 ppm and a range of 1950–3000 ppm (Dean 1967,
his appendix VIA). From a homogeneous brine at a given temperature, the
amount of strontium entering an anhydrite depends on the value of the
partition coefficient (e.g., Dean 1978). Using the partition coefficient of
Sr21 with respect to anhydrite, Butler (1973) estimated the Sr21/Ca21 in
the original brine to have been 2.3 3 1022, with a range of 1.8–2.8 3
1022. In the United Arab Emirates, modern marine supratidal brines saturated with gypsum and anhydrite, which like the Castile sulfates are unassociated with dolomitization, have a Sr21/Ca21 of about 2.2 3 1022
(Butler 1973). This remarkably close agreement between the Sr21/Ca21 of
the CaSO4-saturated marine brine of the United Arab Emirates and that
calculated for the Castile brine supports a marine origin for the parent brine
of the Castile evaporites.
The first few laminae of calcite at the base of the Castile contain fossils
of the radiolarian genus Copicyntra (Anderson et al. 1972, their fig. 3C;
Magaritz et al. 1983; Nazarov and Ormiston 1985). Because Radiolaria are
strictly marine, the surface water at inception of the Castile evaporites must
have been marine.
Castile couplets of anhydrite–calcite (varves) maintain nearly the same
thickness over many kilometers (Dean 1967, his figs. 21 and 22; Anderson
et al. 1972, their fig. 11; Dean and Anderson 1982, their fig. 3), which
supports chemical homogeneity of the basinal brine, a condition much easier to attain with a dominantly marine source. The general uniformity of
individual varve thickness is shown over a distance of 24 km by Figure 12
and, where the varves are undeformed, over a distance of 113 km by Figure
10.
Leslie et al. (1997) investigated geochemical variations of six correlative
laminae in 17 cores from the Anhydrite I Member. From their trace-element
and isotopic (S, C, and O) data they conclude that ‘‘water depths must
have been sufficient to assimilate minor inputs of continental-derived waters without showing significant changes in chemistry’’ and, importantly,
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FIG. 12.—Thickness of individual varves in the UNM-Phillips core versus thickness of individual varves in the UNM-Cowden 4 core, Anhydrite I Member, showing
the general uniformity of varve thicknesses over 24 km (data from Dean 1967, his
appendix II).

that there was no ‘‘. . . significant input of meteoric, continental-derived
waters’’.
REINTERPRETATION OF BROMIDE DATA

The data and arguments presented above are consistent with a Castile
brine consisting of concentrated marine water and with Castile evaporitic
sediments that are primary. Explanations for low bromide values of Castile
halite are not in accord with these conclusions, but have called for a brine
composed largely of concentrated meteoric water containing salts recycled
from preexisting evaporites. The possibility that the low bromide values
resulted during recrystallization of the halite (e.g., Hardie 1984) has received scant consideration.
The first halite to precipitate from concentrated modern seawater has a
bromide concentration of about 75 ppm (Holser 1966; Kühn 1968). Then,
as salinity increases further through the halite saturation field, the concentration of bromide increases progressively, reaching a value of nearly 200
ppm at precipitation of first bitterns (Holser 1979b). Because the concentration of bromide in seawater has not changed significantly during the
Phanerozoic (Horita et al. 1991), this approximate range (75–200 ppm)
holds for halite precipitated from Late Permian seawater.
Holser (1966) made the first bromide analyses of Castile halite on cuttings from the Sotex 1 Allen and Sotex 1 Link wells in Loving County,
Texas, near the PDB-03 borehole (Fig. 6). Values ranged from 15 to 60
ppm. Holser (1979b, his fig. 11) reported on additional bromide values
from cores from the Union 4 University 37 borehole (Fig. 6). For these
cores, the profiles of bromide concentration in all three Castile halite members on a sampling scale of 30 cm are ‘‘very smooth, with trends in the
range of 25–45 ppm over 30 m or more’’ (Holser and Anderson 1970).
Hovorka (1990) analyzed core samples of Castile halite from the Gulf
Research PDB-03 borehole (Fig. 6). Two samples from the Halite I Member have bromide values of 88 and 89 ppm. Seven samples from the Halite
III Member range from 35 to 60 ppm with a mean of 52 ppm. Also, 35

758

D.W. KIRKLAND ET AL.

samples of halite from halite beds of the Anhydrite IV Member have a
‘‘generally low Br content (20–60 ppm) with some scattered high values’’
(Hovorka 1990, p. 285) (range 28–142 ppm; mode 45 ppm). Because the
bromide values for Castile halite samples are usually much less than 75
ppm, Anderson and Dean (1995) concluded that the Castile halite beds
‘‘. . . were derived from recycled salts and meteoric inflow’’.
The first halite to precipitate by concentrating a brine that formed by
dissolving modern marine halite in meteoric water would have a bromide
concentration of less than 15 ppm (see Holser 1979b). Samples of Castile
halite all have bromide values greater than 15 ppm. Hovorka (1990, p. 295)
concluded, therefore, that, ‘‘The Br concentration . . . is not low enough to
be wholly derived from recycling, so some concentration of marine water
has occurred’’. On the basis of the bromide analyses, Hovorka (1990, p.
295) concluded that ‘‘. . . significant volumes of older halite have been
recycled’’. Because the original volume of the Castile halite was about
5,000 km3, the fraction of supposedly recycled halite would have been large
(hundreds of cubic kilometers). No evidence of recycled halite is present
in our strontium-isotope data for anhydrite laminae intercalated within halite (Table 1), which have ratios identical with strontium in early Ochoan
ocean water. The low values of bromide in the Castile halite samples are
probably not a consequence of recycling, but a consequence of diagenesis.
Centimeter-size pseudomorphs of bottom-grown gypsum crystals occur
sporadically in the upper part of Castile millennial cycles (Fig. 5B) (Kendall and Harwood 1988, 1989; Hovorka 1989, 1990; Leslie et al. 1996).
Although sparse, the pseudomorphs are laterally persistent, stratigraphically
restricted, and associated with, and completely transitional into, nodular
anhydrite (Kendall and Harwood 1989). These characteristics led Kendall
and Harwood (1989) to suggest that intervals of Castile nodular anhydrite,
like many nodular anhydrite beds elsewhere (e.g., Schreiber et al. 1982;
Loucks and Longman 1982; Shearman 1983), consisted originally of bottom-grown gypsum crystals that covered the floor of the evaporite basin.
The nodular fabric in the Castile is especially well developed below halite
intervals (Fig. 5B).
Late in the development of millennial cycles, the maximum salinity generally attained by the surface brine was the same or nearly the same as the
salinity of the bottom brine. During this stage, the Castile brine body overturned, that is, the drag of wind on its vast surface area caused the brine
body to circulate internally. Oxygen, at low concentration, was transported
into the bottom brine. Both the surface brines and the bottom brines were
supersaturated with CaSO4·2H2O, at low concentration, and were nearly
saturated with NaCl. While gypsum was precipitating at the surface of the
brine and within the brine column, gypsum crusts formed on the basin
floor. The crusts grew rapidly as new brine was persistently brought into
contact with the multitude of gypsum crystal faces.
The temperature of the surface brine in its Late Permian equatorial setting was unusually high and, importantly, displayed little seasonal variation. Because of the absence of brine stratification, the temperature of the
bottom brine was probably about the same as the temperature of the surface
brine. The brine in contact with the gypsum crust probably had a temperature that was always greater than 188C. In a brine derived from seawater
in which NaCl is saturated, gypsum dehydrates to anhydrite at temperatures
.188C (Hardie 1967; Holser 1979a, his fig. 13). While settling through
hundreds of meters of warm (.188C), nearly NaCl-saturated Castile brine
and while lying on the basin floor, the small crystals of cumulate gypsum
dehydrated, because of their large ratio of surface area to volume (see
Langbein 1979). On the other hand, the bottom-grown gypsum crystals,
which were many orders of magnitude larger than the cumulate crystals,
resisted dehydration because of their relatively small ratio of surface area
to volume. Before their dehydration was well underway, the fields of bottom-grown gypsum crystals became buried beneath rapidly accumulating
halite. During the shallow burial the interstitial brine, warm and saturated
with NaCl, provided an environment in which the gypsum crystals slowly
dehydrated.

For every unit volume of gypsum converted to anhydrite, about half a
unit volume of ‘‘fresh’’ (bromide-free) water was generated. Also, the
products of the dehydration—water and anhydrite—had a volume about
10% greater than the original gypsum. In the Castile sediments, water generated during the dehydration (during formation of nodular anhydrite)
would have been forced upward through the halite by the hydraulic pressure
resulting from the increase in volume, by the compaction pressure resulting
from the load of the halite, and by the buoyancy pressure of the water of
dehydration. This upward movement of water occurred shortly after deposition, while the halite was permeable. As it was forced upward, the
bromide-free, ‘‘fresh’’ water resulted in recrystallization of the halite, and
a fraction of the bromide within the halite was expelled, and was transferred
into the overlying brine body. Low concentrations of bromine in halite
beds of the Stassfurt Series (Upper Permian, Zechstein Formation) have
been explained by a similar mechanism (Kühn 1966).
CASTILE DEPOSITIONAL MODEL

The closed-basin drawdown models for the Castile (Fig. 7) were developed without having the evidence that the Castile brine had a marine origin.
Using this understanding, we have formulated a modified model, the
‘‘closed-basin, deep-marine-brine model’’ (Fig. 13).
The immense volume of water lost annually from the basin by evaporation was mainly replaced by seawater that entered the basin along its
southern and possibly southwestern margin (Fig. 13). If this influx had been
through a channel, it would have to have had a very small cross-sectional
area (Lucia 1972; Kinsman 1974; Kendall 1988). The size and shape of
such a small channel could not have been maintained for long (see Kendall
1988), and, therefore, the volume of influxing seawater could not have been
regular. Yet, the regular thickness of varves that characterize much of the
Castile and that are correlatable over the entire basin suggests that influx
was persistent and that its volume was about the same each year over
thousands of years. A long-lasting strait between the Permian ocean and
the Castile basin did not exist; rather, the Castile basin, though much of
its history at least, was completely disconnected from the Permian ocean
(Lucia 1972; Kendall and Harwood 1989; Anderson and Dean 1995).
To replace the water lost by evaporation, most seawater probably entered
the basin as seepage through the Capitan Formation (Fig. 13). The Capitan
reef probably had insufficient permeability to allow annual passage of tens
of cubic kilometers of seawater, but the Capitan forereef talus, which constitutes about three-fourths of the formation, was coarse and rubble-dominated, and probably provided the conduit for influx of seawater (A.A.
Brown, personal communication, 1998). Near the end of the Guadalupian,
the channel (or channels) that had been in existence throughout the Guadalupian may have become filled with reef debris. Indeed, the filling of these
channels may have initiated Ochoan evaporite conditions.
Reflux of highly concentrated brine was directly through reef and forereef deposits around the entire circumference of the basin. Where steeply
dipping, the reef and forereef rocks were incompletely covered by evaporites, allowing infiltration of the dense brine. Much of the refluxing brine
eventually discharged into the ocean.
The usual level of the Castile brine surface may have been only slightly
less than sea level. To compensate for a falling brine surface, a persistent
current of seawater seeped into the basin. The rate of marine inflow may
usually have been sufficient to prevent significant drawdown, and during
much of Castile sedimentation the brine body may have been hundreds of
meters deep.
SUMMARY AND CONCLUSIONS

A stratigraphic array of 36 samples of Castile anhydrite has a mean d34S
of 11.6‰ with little variance. These d34S values fall within the range of
sulfur within sulfate of Permian seawater, indicating that the sulfate in the
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FIG. 13.—Closed-basin, deep-marine-brine
model for the Castile evaporites. A) Seawater
entered the basin chiefly by seepage along one
or more segments of the reef front. These
seepage areas were possibly the location of the
channels through which seawater had entered the
Delaware Basin during Guadalupian time. B)
Highly diagrammatic cross section suggesting
that inflow of seawater, which probably occurred
chiefly through the forereef talus of the Capitan
Formation, may have generally been able to
replace water lost by evaporation without
substantial drawdown (cf. Fig. 8).

Castile anhydrite was derived from Permian seawater. Both the Tansill and
the Capitan formations show evidence of erosion during the nearly 200,000
yr of Castile time. Conceivably, ground water and surface water dissolved
some shelfal strata of gypsum and anhydrite and transported the solutes
into the Castile depositional basin. The sulfur-isotope data, however, are
also consistent with derivation of the Castile sulfate exclusively from early
Ochoan seawater.
Fifty-nine of 65 samples of Castile calcite, anhydrite, and gypsum, from
an array of stratigraphic and geographic locations, have an 87Sr/86Sr ratio,
within error, of 0.706923 (Dsw of 2225.0). This value is the same as the
87Sr/86Sr ratio of seawater during Castile (early Ochoan) time. This coincidence shows that the Castile brine was derived dominantly from early
Ochoan seawater. If the Castile brine had received significant influxes of
meteoric water, the Dsw values would have been, at least intermittently,
significantly larger than 2225 (0.706923). The remarkable consistency of
the 87Sr/86Sr values also dictates that the parent brine consisted dominantly
of marine water. Only the huge, homogeneous reservoir of strontium in the
oceans could have caused such a consistent isotopic signal.
Low values of bromide in samples of Castile halite, which have been
used to support a major contribution of meteoric water, probably resulted
from diagenesis. The values generally range from 20 to 40 ppm compared
to bromide values of 75 to 200 ppm for halite precipitated from marinederived brine. During their shallow burial by halite, centimeter-size, bottom-grown crystals of gypsum were immersed in a warm (.188C), NaCl-

saturated interstitial brine. These crystals were slowly transformed diagenetically into anhydrite usually with a nodular fabric. For every unit volume
of gypsum that dehydrated to anhydrite, half a unit of ‘‘fresh’’, bromidefree water of crystallization was expelled. This water, forced upward
through the still permeable halite (and anhydrite), resulted in recrystallization of halite and in removal of some of its original marine bromide.
By analogy with modern evaporitic environments, a conservative estimate for the rate of evaporation from the Late Permian (Ochoan) Castile
brine body is 2 m/yr. The brine body had a surface area of at least 25,900
km2. On the basis of these values, at least 52 km3 of water were evaporated
annually, yet the Castile brine body never dried up. The average volume
lost annually from the basin by evaporation approximated the average total
volume of marine water and meteoric ground water introduced annually.
A hot, generally dry, flat shelf could probably not have supplied a significant fraction of the total annual influx as spring water for many tens of
thousands of years. Both the isotopic and geologic evidence are consistent
with Castile evaporites that precipitated from a parent brine formed of
concentrated Late Permian (Ochoan) seawater.
The Castile evaporite basin was disconnected from the Permian ocean.
Marine ground water flowed through the Capitan Formation into the evaporite basin along its southern and possibly western margins. The rate of
inflow may have usually been great enough to replace water lost by evaporation. Thus, drawdown of the brine surface would have generally been
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minor, and the brine level would usually not have been much lower than
sea level.
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APPENDIX 1

Strontium isotopic data for 65 samples of the Castile Formation have been archived and are available from the World Data Center–A for Marine Geology and
Geophysics, NOAA/NGDC. See concluding paragraph of text for information on
accessing the data.

